We have been using a self-consistent formulation of full-wave electromagnetic solvers and ensemble Monte Carlo techniques to model ultrafast photoconductivity. Our simulations are running on a MasPar machine. This paper will address aspects ofthis simulation which may interest workers who are simulating not only photoconductive systems but other systems as well which involve electrodynamics, waves and wave phenomena and ensemble Monte Carlo transport models. In particular, we will report on the inclusion of perfectly matched layer approaches to absorbing boundary conditions for electromagnetic waves. These have in the past several years become widely used in computational electromagnetics codes because they reduce error due to spurious numerical wave reflection off of an absorbing boundary by several orders of magnitude. We will also address the issue of computational cost and show that a full-wave electromagnetic approach is more competitive with a Poisson's equation approach than one might believe. Lastly, our system has the feature that the active portion where the electrons and holes lie is in fact a small fraction of the total experimental system's volume. Unless care is exerted one either has a very significant load imbalance problem or high communications overhead. We compare two different tradeoffs between load imbalance and communications overhead.
INTRODUCTION
Semiconductor device models always incorporate electromagnetic forces, usually by a quasistatic field calculation. The electric field is allowed to vary in time but its spatial derivatives are assumed to be electrostatic in nature, that is X7. E:p/ (1) and 27 E 0. (2) The irrotational electric field in equation (2) is the essential approximation being made. In contrast, one can use an electrodynamic or full-wave electromagnetic model [1] [2] [3] [4] [5] [6] [7] [8] In this paper we will discuss this issue using a system where the transport model is an ensemble Monte Carlo model. We will discuss load imbalance/communications overhead problems associated with the parallelization of such a system, show that a full-wave electromagnetic approach is more cost competitive than one might believe and will report on the inclusion of perfectly matched layer approaches to absorbing boundary conditions for electromagnetic waves.
TRADEOFFS BETWEEN QUASI-STATIC AND FULL-WAVE MODELS
The physical motivation for switching to a fullwave model of a semiconductor device may be either internal or external to the device. Our devices are often incorporated into a larger system. In some cases, e.g. when (6) . Instead, we must additionally solve for the vector potential and compute the electric field using
Equation (6) implies the irrotational field of equation (2) but equation (7) does not. We apply this to the physical system shown in Figure 1 . A nonuniform grid was used. The grid used a 2 micron spacing in all three dimensions in the passive region and a 0.1 micron spacing in the EMC region. There is a gradual transition between the two extremes. The run times of these two algorithms are shown in Table I Here we will outline the conceptual nature of these techniques and refer the reader to the references for details.
The essential idea is to add a fictitious "Perfectly Matched Layer" on the outside of all surfaces where we have to implement a wave absorbing boundary. We then extend our numerical grid out into this fictitious layer, terminating it at the end of this layer. Since this is a purely artifical layer, we are free to pick its material properties to meet two constraints. First, the reflection coefficient associated with the interface between the valid solution space and the fictitious absorbing space must be zero for all frequencies and all angles of incidence. This will eliminate numerical reflection off of this interface. However, accomplishing this goal just moves the original problem to the new truncation of the grid at the far end of the fictitious absorbing layer. We will have a reflection off of this truncation. Therefore our second constraint on the PML is that it must be a lossy medium which attenuates electromagnetic waves. The techniques described in the references succeed in meeting both constraints.
In summary, one can proceed with an electrodynamically based approach in the modeling a semiconductor device. For the cases where one is already expending significant computational resources e.g. three dimensional device models, quasistatic and electrodynamic techniques do not necessarily differ significantly in computational cost. If one does so, the use of a PML type of absorbing boundary is recommended. Care however may be required if one implements the system on a massively parallel processor array as the field calculation and the transport model may employ very different types of data and additionally, the device itself may be a comparatively small portion of the simulation domain.
